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Humans have unique cognitive capacities that, compared with apes, are not only simply expressed as a
higher level of general intelligence, but also as a quantitative difference in sociocognitive skills. Humans’
closest living relatives, bonobos (Pan paniscus), and chimpanzees (Pan troglodytes), show key between-
species differences in social cognition despite their close phylogenetic relatedness, with bonobos argu-
ably showing greater similarities to humans. To better understand the evolution of these traits, we

Keywords: investigate the neurochemical mechanisms underlying sociocognitive skills by focusing on variation in
Vasopressin . X . . . . s

Oxvtocin genes encoding proteins with well-documented roles in mammalian social cognition: the receptors for
Sel}(l)tonin vasopressin (AVPR1A), oxytocin (OXTR), serotonin (HTR1A), and dopamine (DRD2). Although these genes
Dopamine have been well studied in humans, little is known about variation in these genes that may underlie
Bonobo differences in social behavior and cognition in apes. We comparatively analyzed sequence data for 33
Chimpanzee bonobos and 57 chimpanzees, together with orthologous sequence data for other apes. In all four genes,

we describe genetic variants that alter the amino acid sequence of the respective receptors, raising the
possibility that ligand binding or signal transduction may be impacted. Overall, bonobos show 57% more
fixed substitutions than chimpanzees compared with the ancestral Pan lineage. Chimpanzees, show 31%
more polymorphic coding variation, in line with their larger historical effective population size estimates
and current wider distribution. An extensive literature review comparing allelic changes in Pan with
known human behavioral variants revealed evidence of homologous evolution in bonobos and humans
(OXTR rs4686301(T) and rs237897(A)), while humans and chimpanzees shared OXTR rs2228485(A),
DRD2 rs6277(A), and DRD2 rs11214613(A) to the exclusion of bonobos. Our results offer the first in-depth
comparison of neurochemical receptor gene variation in Pan and put forward new variants for future
behavior—genotype association studies in apes, which can increase our understanding of the evolution of
social cognition in modern humans.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

The family of Hominidae includes humans and all species of
great apes: chimpanzees, bonobos, gorillas, and orangutans, with
chimpanzees and bonobos being humans’ closest extant relatives
(Prado-Martinez et al., 2014; Besenbacher et al., 2019). Despite
these close phylogenetic relationships, humans show unique
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cognitive skills compared with great apes (Tomasello and
Herrmann, 2010). While the extent of these differences, and
methods to compare cognition between apes and humans remains
a topic of debate (Boesch, 2007; De Waal et al., 2008; Leavens et al.,
2019), one of the leading hypotheses is that this difference in
cognition between humans and great apes is not simply reflected in
a greater degree of general intelligence but also in a quantitative
difference in sociocognitive ability (Tomasello and Herrmann,
2010). Sociocognitive ability refers to how individuals understand
and respond to social responses and approaches of others (Skuse
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and Gallagher, 2011). Its complexity is reliant on the presence of
sociocognitive skills like social memory, sensitivity to social cues,
empathy, theory of mind and the development and maintenance of
affiliative interactions. Studies suggest that apes do not lack these
abilities but might differ in degree of sophistication in these skills
from humans (Herrmann et al.,, 2007; Tomasello and Herrmann,
2010; but see; Leavens et al., 2019). Great apes live in complex
social groups with individuals that they recognize individually, and
with whom they form diversified social relationships, for example,
in terms of dominance and friendship (Boesch and Boesch-
Acherman, 2000; Stevens et al., 2015). They can also recognize
third-party relationships and have some understanding of the
behavioral intentionality of social partners (for review, see Call and
Tomasello, 2008; Tomasello and Herrmann, 2010). However, it has
been argued that humans in contrast to other apes, have evolved
sociocognitive skills that allow for higher tolerance and remarkable
levels of cooperation (Tomasello et al., 2005; Tomasello and
Herrmann, 2010; Apicella and Silk, 2019).

This study aims to contribute to our understanding of the
proximate origins of human sociocognitive ability by studying ge-
netic differences as a mechanism underlying differences in socio-
cognitive skills in apes. To do so, we focus on bonobos (Pan
paniscus) and chimpanzees (Pan troglodytes). These two species
diverged from the human lineage most recently of all extant
hominoid species (Prado-Martinez et al., 2014; Besenbacher et al.,
2019), making them key species for investigating our own evolu-
tionary past and identifying unique human traits (Moore, 1996;
MacLean, 2016; Staes et al., 2018; Castellano and Munch, 2020). By
comparing traits in Pan with those in humans, we can gain an
understanding of the genotypic and phenotypic construct of their
last common ancestor (the Pan-Homo LCA). Bonobos and chim-
panzees show marked differences in sociocognitive skills and un-
derlying neural structures that are likely the result of different
selection pressures in both lineages (Hopkins et al., 2009; Hare
et al., 2012; Rilling et al., 2012; Staes et al., 2018; Issa et al., 2019),
but very little is known about the genetic targets underlying these
behavioral differences. For example, compared with chimpanzees,
bonobos perform better on tasks related to understanding social
causality or theory of mind (Herrmann et al., 2010) and receptive
joint attention (Kano and Call, 2014; Hopkins et al., 2017), all in-
dicators of higher empathic sensitivity, which is believed to be
reflected in larger grey matter volumes of brain regions like the
amygdala and insular cortex in bonobos (Hopkins et al., 2009;
Rilling et al., 2012; Issa et al., 2019). In addition, studies in bonobos
have described higher levels of between- and within-group social
tolerance, cooperation and prosociality (Idani, 1990; Hare et al.,
2007; Hare and Kwetuenda, 2010; Furuichi, 2011; Tan and Hare,
2013; but see; Cronin et al., 2015; Yamamoto, 2015; Yamamoto
and Furuichi, 2017).

Genetic variation underlying within-species variation in socio-
cognitive skills has been well studied in humans (Skuse and
Gallagher, 2011; Wilczynski et al., 2019). While sociocognitive
abilities are influenced by a large number of genes, genes encoding
receptors for neuropeptides and neurotransmitters, including
oxytocin (OXTR), vasopressin (AVPR1A), dopamine (DRD2), and se-
rotonin (HTR1A), appear to be particularly important in the regu-
lation of social behavior (Skuse and Gallagher, 2011; Wilczynski
et al, 2019). Oxytocin and vasopressin are neuropeptides that
closely mediate social bonding and affect in mammals (for review,
see Insel, 2010; Jurek and Neumann, 2018; Boender and Young,
2020). Neurons producing oxytocin (OT) and vasopressin (AVP)
project from the supraoptic and paraventricular nuclei of the
neurohypophyseal tract to mesolimbic and forebrain regions that
are crucial for the processing of social information (Young and
Gainer, 2003), and fibers containing OT and AVP have been
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identified in the cortex of humans, chimpanzees, and rhesus ma-
caques (Rogers et al., 2018). OT and AVP mediate affiliative social
relationships, social memory, empathy, prosociality, and anxiety
(Insel, 2010) by modulating processes associated with reward and
motivation, which are in turn regulated by the neurotransmitter
dopamine (Nair and Young, 2006). The serotonergic system adds to
the complexity of the social brain by regulating a wide range of
functions like appetite and sleep, but also behavioral inhibition,
which is in turn closely related to impulsive aggression, coopera-
tiveness, and anxiety (reviewed in Skuse and Gallagher, 2011). The
genes encoding the neuropeptides (OT and AVP), for example, show
very little sequence variation (Ren et al., 2014; Babb et al., 2015), but
the genes coding for the receptors are more variable and therefore
better candidates to explain behavioral variation in these traits
between- and within-species.

Polymorphisms in the receptor genes have been linked in
humans to social sensitivity (empathy, mind reading, eye gazing,
face perception, autism), prosociality (trust, altruism, generosity,
betrayal aversion), social tolerance (aggressiveness, competition),
and anxiety (for reviews, see Ebstein et al., 2010; Skuse and
Gallagher, 2011; Walter, 2012; Wilczynski et al., 2019). While the
exact mechanisms are not always known for each polymorphism,
studies have documented links of genetic changes with altered
gene expression, receptor distribution and/or receptor-ligand
binding (Hammock and Young, 2005; Knafo et al, 2008;
Hirvonen et al., 2009; King et al., 2016). Given the association of
these genetic variants with sociocognitive skills in humans and the
reported differences in these traits between humans and great
apes, determining the extent of genetic sequence variation in these
receptor genes between these species is of interest. It is also known
that hominoids, including humans, show incomplete lineage sort-
ing, so discerning whether genetic variants found in humans
represent ancestral polymorphism that is shared with apes or is
really human-specific can help us understand better their evolu-
tionary history and potential functional impact (Scally et al., 2012).
Such data can help us to uncover when in our evolutionary past key
mutations arose and how they might have affected sociocognitive
skills. Previous studies have taken a step in this direction by
assaying known human polymorphic regions in other primates,
including bonobos and chimpanzees, with a focus on regulatory
microsatellites in the promoter region (Barr et al., 2004; Hopkins
et al,, 2012; Babb et al,, 2015; Staes et al.,, 2015, 2016; Inoue-
murayama et al., 2018). However, a limitation of most of these
studies is their restriction to variants identified in human behav-
ioral association studies. To obtain a more complete picture, a
systematic screening for genetic variation in these genes in other
ape species is warranted.

While many regulatory genetic and epigenetic mechanisms, like
intronic variants, promoter region microsatellites, and methylation,
are known to impact behavior through differential gene expression
(Spielmann and Mundlos, 2016), we will first focus on variation in
the protein coding region of the genes. Mutations that cause amino
acid changes (nonsynonymous variants) have the potential to
directly impact the structure and/or function of the receptor pro-
teins through modification of ligand-binding affinity and signaling
efficiency (Ren et al., 2014; Babb et al., 2015). Therefore, we first
assess between-species variation in the coding regions of the four
genes of interest in bonobos and chimpanzees. By comparing
between-species variation in Pan with published sequences of
humans, gorillas, orangutans, and gibbons, we can identify which
variants are divergent from the other ape species and are therefore
likely to underly behavioral differences, thereby reconstructing
their evolutionary history. For nonsynonymous mutations, we
investigate their potential impact on the structure and/or function
of the receptor proteins. We also assess any history of signatures of
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selection on these genes using a dy/ds-based framework. dy is the
rate of nonsynonymous substitution per nonsynonymous site, or
site within a protein that, if changed, could change the encoded
amino acid at that codon. ds is the rate of synonymous substitution
per synonymous site (Yang and Nielsen, 2002). A synonymous
mutation indicates a change in the DNA sequence that codes for
amino acids in a protein sequence, but that does not change the
encoded amino acid. The ratio of these two rates dn/ds accounts for
substitution rate to reflect relative protein change, with an elevated
dn/ds representing accelerated protein evolution. We also quantify
within-species polymorphic variation in both species, which might
be relevant for future studies investigating proximate origins of
between- and within-species differences in behavior in bonobos
and chimpanzees. Finally, we document all coordinates that show
differences in both coding and noncoding regions of Pan sequences
compared with the human reference sequences and further
investigate their potential impact on between- and within-species
behavioral differences. Especially for OXTR and AVPR1A, SNVs
(single-nucleotide variants) in intronic and regulatory regions have
been proven to play an important role in gene expression and
behavioral regulation (Lerer et al., 2008; Israel et al., 2009;
Rodrigues et al., 2009; Okhovat et al., 2015; King et al., 2016). To
investigate the potential role of sequence differences in Pan, we will
provide an extensive literature review of corresponding human
SNVs that have documented links with behavioral traits and discuss
their potential relevance.

2. Methods
2.1. Identifying between- and within-species genetic variation

To determine the interspecific variation in the coding sequences
of our genes of interest, we used the Ensembl genome browser v. 69
(Yates et al., 2020) to extract coding sequences and their co-
ordinates for AVPR1A, OXTR, DRD2, and HTR1A in humans (Homo
sapiens, genome GRCh38), chimpanzees (P. troglodytes, genome
Pan_tro_3.0), bonobos (Pan paniscus, genome panpanl.1), western
lowland gorillas (Gorilla gorilla gorilla, genome gorGor4), Sumatran
orangutans (Pongo abelii, genome PPYG2), and white-cheeked
gibbons (Nomascus leucogenys, genome Nleu_3.0). We included
rhesus macaques as an outgroup species (Macaca mulatta, genome
Mmul_10). Sequences were aligned using Geneious v. 6.0.6 (Bio-
matters, San Diego). For individual Ensembl sequence reference
numbers we refer to Supplementary Online Material (SOM)
Table S1. Ensembl sequences for bonobos and chimpanzees were
cross-checked for similarity with newer versions (Panpan3 and
Clint_PTRv2/panTro6) for sequence identity, and we found minimal
sequence differences that did not impact the results. For protein
sequences, we calculated the percentage of pairwise identity by
looking at all pairs of bases at the same column (across all species)
and scoring a hit (one) when they are identical, divided by the total
number of pairs. Ambiguity characters were interpreted, meaning a
nucleotide A versus a nucleotide R is considered to have 50%
identity. Identification of polymorphic variation within chimpan-
zees and bonobos was based on publicly available variant call
format (VCF) files originating from whole genome and exome data
(Pan troglodytes troglodytes, n = 18; Pan troglodytes verus, n = 12;
Pan troglodytes schweinfurthii, n = 16; Pan troglodytes ellioti, n = 10;
Pan troglodytes ssp. indet., n = 3; Pan paniscus, n = 33; Prado-
Martinez et al., 2014; Teixeira et al., 2015; de Manuel et al., 2016).
As VCF files were aligned to different reference genomes (either
hg18 or hg19) depending on the study in which they were con-
ducted, coordinates of SNVs were all transformed to coordinates in
hg18 using the BLAT function in the UCSC genome browser (Kent,
2002) and cross-checked in the most recent human reference
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genome (hg38). As three different VCF data sets containing
different sets of individuals were analyzed separately, rare variants
often only occurred in one of the data sets. In these cases, genotype
frequencies were based solely on those data sets where the mu-
tations were present and thus the VCF output provided individual
genotype information for all individuals in that data set at the
position of the mutation. The sampled bonobos and chimpanzees in
these studies were assumed to be unrelated, as they mostly con-
sisted of wild-born individuals that ended up in captivity over a
period of ~30 years and were sampled from populations spanning
the entire geographical distribution of the two species throughout
Africa (Reinartz et al., 2000; Eriksson et al., 2004; Van Coillie et al.,
2008). The number of individuals exceeded 25 individuals for each
species, ensuring a representative estimate of variation in pop-
ulations (Hale et al., 2012).

2.2. Function and structure prediction of nonsynonymous variants

To infer the putative functional consequences of the identified
coding variants, we first used SNAP2 to predict the effect of variants
on protein function (Hecht et al., 2015). SNAP2 is a trained classifier
that is based on a machine-learning device called ‘neural network’.
It distinguishes between effect and neutral variants/non-
synonymous SNVs by taking a variety of sequence and variant
features into account. The effect of a variant is believed to be of
importance to the native protein function and structure if the
SNAP2 score exceeds 50; neutral if the score is below —50; and
unreliable when between 50 and —50 (Hecht et al., 2015). SNAP2
results were verified using a different function prediction tool,
PROVEAN (Choi and Chan, 2015), and no differences in outcome
were found. To visualize the position of the coding variant in the
protein sequence and accompanied functional domains of the re-
ceptor, we modelled the 2D structure of the transmembrane pro-
teins using protter, a Web-based tool that supports interactive
protein data analysis by visualizing annotated sequence features in
the context of protein topology (Omasits et al., 2014). Using the
‘HWAIltests’ function in the HardyWeinberg package (Graffelman,
2015) in R v. 3.3.2 (R Core Team, 2017), we tested for population
adherence to Hardy—Weinberg equilibrium per species, but only
for SNVs where each genotype class contained a minimum of five
individuals, as this is the minimum required for reliable calculation
of Hardy—Weinberg equilibrium (Court, 2008).

Finally, to further identify potential functional implications of
variants, we used a dy/ds-based framework to assess evidence for
selection in the chimpanzee, bonobo, and ancestral Pan lineage for
the four genes of interest. For each gene, we used orthologous
sequence alignments of 30 mammals, including 27 primates (SOM,
Table S2 from the University of California at Santa Cruz Genome
Browser website;  http://genome.ucsc.edu/cgi-bin/hgTrackUi?
db=hg38&amp;g=cons30way) and a species tree (SOM Fig. S1).
The consensus species tree was downloaded from the 10KTrees
website (Arnold et al., 2010). The topology of this tree was
concordant with a more recently published primate phylogeny
estimated using genomic-scale data (Reis et al., 2018). We then
added the outgroup species in a way consistent with accepted
mammalian taxonomy (Kumar et al., 2017). We estimated branch
and branch-site dy/ds on three branches of interested (chimpan-
zees, bonobos, and the ancestral Pan branch) under positive se-
lection and neutral evolution models using codeml (Yang, 2007)
within the Python wrapper ete3 (Huerta-Cepas et al., 2016). Branch
models estimate dy/ds across an entire gene sequence, whereas
branch-sites models allow dy/ds to vary across sites and lineages
simultaneously such that elevated dy/ds may be identified at spe-
cific sites on particular branches. We then applied likelihood ratio
tests (LRTs) to determine whether a model of positive selection was
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Figure 1. Coding sequence variation in six species of Hominoidea, with macaques as an outgroup species. Fixed amino acid changes are indicated in gray. For chimpanzees and
bonobos polymorphic within-species nonsynonymous variation is also shown (in orange) and amino acid substitutions and their positions are indicated. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)

significantly better than the null model of neutral evolution, using a
p-value threshold of 0.05 (SOM Table S3). We first estimated locus-
specific branch lengths for each gene from the number of nucleo-
tide substitutions per codon under a null model of a single rate of
substitution across the tree (codeml model MO) and used these
branch lengths in subsequent analyses.

2.3. Behavioral function of sequence differences in Pan versus
humans

Finally, for all positions where the Pan sequences differed from
the human reference sequence in both coding and noncoding re-
gions of the genes, we assessed their potential associations with
sociocognitive traits. To do so, we compared allelic changes in Pan
to known human SNVs that have been linked to behavioral traits.
We identified human SNVs using the Ensembl variant tables (Yates
et al., 2020) for each gene, which contain all variants previously
identified in the 1000 genomes project (The 1000 genomes project
consortium, 2015) for a region spanning 5 kb upstream and
downstream of the gene. Next, we filtered out all SNVs that have

been documented in literature, indicated as ‘cited’ in the table and
matched their coordinates in Pan to human hg38 coordinates used
in the variant tables with the BLAT tool of the UCSC genome
browser (Kent, 2002). For each SNV we then did an extensive
literature review using the dbSNP database (Sherry et al., 2001) to
assess precise human-specific documented links with different
phenotypic traits and highlighted those SNVs that have been linked
to behavioral phenotypes (Table 4).

3. Results
3.1. OXTR

Between-species The amino acid coding sequence for the oxytocin
receptor gene showed high stability across ape species, with 98.7%
pairwise identity (SOM Fig. S2). The human sequence showed three
fixed amino acid changes (V14A, F51L, and K355R) in comparison
with other apes, including bonobos and chimpanzees (Fig. 1).
Bonobos and chimpanzees shared one amino acid substitution with
each other that differed from all other apes (K353R) but did not
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Table 1
SNAP2 function prediction scores for amino acid (AA) substitutions in humans and Pan.?
Gene Species AA change Effect Strength Reliability Variable
OXTR Homo sapiens V14A Neutral -10 53% Fixed
Homo sapiens F51L Neutral —51 66% Fixed
Pan troglodytes H71T Neutral -34 66% SNV
Pan troglodytes N303S Neutral —81 93% SNV
Pan troglodytes 1313V Neutral -47 72% SNV
Pan® K353R Neutral —83 93% Fixed
Homo sapiens K355R Neutral —88 93% Fixed
AVPRIA Pan paniscus G29S Neutral —46 72% Fixed
Pan troglodytes T86M Neutral -40 66% SNV
Homo sapiens R248C Effect 33 66% Fixed
Homo sapiens K322M Neutral —82 93% Fixed
Pan troglodytes M372T Effect 9 53% SNV
DRD2 Pan paniscus A76V Neutral -70 82% SNV
Pan troglodytes H293R Effect 15 59% SNV
HTRIA Pan paniscus G7A Neutral -18 57% SNV
Pan” T22S Neutral -94 97% Fixed
Homo sapiens F33V Neutral —60 78% Fixed
Pan paniscus T236P Neutral -41 72% SNV
Pan paniscus T240P Neutral —43 72% SNV
Pan® P248Q Neutral -25 61% fixed/SNV
Pan paniscus E267D Neutral -76 87% Fixed
Pan paniscus H296Y Neutral -34 66% Fixed
2 Boldface indicates reliable estimates (>50 or < —50).
b ‘Pan’ indicates that the substitution is present in both Pan species.
Table 2
Results of the dy/ds-based selection analysis.
Branch models Branch-sites models
Chimpanzee Bonobo Ancestral Pan Chimpanzee Bonobo Ancestral Pan
Gene dn/ds LRT p dn/ds LRT p dn/ds LRT p PSS LRT p PSS LRT p PSS LRT p
OXTR 0.56 1.00 0.00 0.99 999.00 0.10 — 1.00 - 1.00 K353R 0.59
AVPRIA 0.00 0.35 0.23 0.68 0.00 0.06 - 0.99 G26S 1.00 — 1.00
DRD2 0.58 0.99 0.00 0.40 0.00 0.40 — 1.00 — 1.00 — 1.00
HTR1A 0.56 0.99 0.25 0.21 999.00 0.01" — 1.00 E268D, H296Y 1.00 — 0.35

Abbreviations: PSS = positively selected sites; LRT = likelihood-ratio test; dN/dS = ratio of number of nonsynonymous substitutions per non-synonymous site to number of

synonymous substitutions per synonymous site.
* indicates significant at treshold p < 0.05.

show any other fixed differences within either species. Two-
dimensional structure prediction showed that human V14A, F51L,
and K355R were located at the N-terminal region, transmembrane
region and intracellular C-terminus, respectively (SOM Fig. S3).
Similar to K355R, Pan K353R was present in the C-terminal region.
SNAP2 function prediction analysis revealed a likely neutral effect
for three amino acid changes (F51L: strength —51, reliability 66%;
K353R: strength —83, reliability 93%; K355R: strength —88, reli-
ability 93%) but failed to reliably predict functionality of human
V14A (Table 1). Finally, evolutionary modelling analysis failed to
show signatures of selection in OXTR in either the human or Pan
lineages, as none of the branch or branch-site models were
significantly better than the null model (Table 2).

Within-species Within-species comparison revealed eight poly-
morphic sites in Pan: two synonymous SNVs in bonobos, and three
synonymous and three nonsynonymous variants (H71T, N303S,
1313V) in chimpanzees (Table 3). Minor allele frequencies (MAFs)
were low for all three nonsynonymous variants: H71T: MAF
T = 0.009, N303S: MAF G = 0.025, [313V: MAF G = 0.008. Two-
dimensional structure prediction showed that chimpanzee H71T
is located in the first intracellular loop, N303S in the third extra-
cellular loop and 1313V in the seventh transmembrane region (SOM
Fig. S3). SNAP2 function prediction analysis revealed a likely neutral
effect for N303S in chimpanzees (strength —81, reliability 93%) but
failed to reliably predict functionality of the other two amino acid
changes (Table 1).

Behavioral function In those cases where either one or both Pan
OXTR sequences differed from the human reference sequence, we
identified a total of 17 coordinates where SNVs with documented
phenotypic links in humans were present (Table 4). These SNVs
were linked to a wide range of behavioral phenotypes including
anxiety, aggression, social bonding, social memory, emotion
recognition, and prosociality (for references see Table 4). Only 3 of
the 17 SNVs showed genotype differences between bonobos and
chimpanzees, while the remaining 13 SNVs only showed allelic
variation in humans but were identical in bonobos and chimpan-
zees. First, rs4686301 is an intronic T > C substitution in humans
(MAF T = 0.264) where the C allele is considered a risk allele for
autism (Lerer et al., 2008). At this position, humans share the T
allele with bonobos, who are all homozygous TT, whereas chim-
panzees are all homozygous for the C allele. Second, rs237897 is an
intronic G > A substitution in humans (MAF A = 0.402), where the A
allele is linked to better theory of mind (Wade et al., 2015), stronger
response to betrayal (Tabak et al., 2014), and male prosociality
(Israel et al., 2009). At this position, all bonobos have the human-
specific A allele, whereas chimpanzees have the ancestral GG ge-
notype. Finally, rs2228485 is a synonymous A > G substitution,
present in exon 3 (MAF G = 0.282). The A allele has been linked to a
better ability to read emotional responses in male faces and
humans share this allele with all chimpanzees, whereas in bonobos
the A allele is lacking.
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Table 3
Single-nucleotide variants in Pan for four genes of interest compared with human genome hg18.
Gene Exon Coordinate® Mutation AA Genotype distribution Species
OXTR 1 chr3:8784663 C/T H71T C/C: 53 (98.11%); C/T: 1 (1.89%) Pan troglodytes
1 chr3:8784163 AlG — A[A: 44 (84.61%); A/G: 3 (5.77%); G/G: 5 (9.62%) Pan troglodytes
1 chr3:8783966 AlG N303S A/A: 57 (95.00%); A/G: 3 (5.00%) Pan troglodytes
1 chr3:8783965 C/T — C/C: 8 (61.54%); C|T: 4 (30.67%); T/T:1 (7.69%) Pan paniscus
2 chr3:8769906 G/A — G/G: 57 (95.00%); G/A: 3 (5.00%) Pan troglodytes
2 chr3:8769896 AlG 1313V A/A: 59 (98.33%); A/G: 1 (1.67%) Pan troglodytes
2 chr3:8769729 G/A — G/G: 58 (98.31%); G/A: 1 (1.70%) Pan troglodytes
2 chr3:8769726 C/T — C/C: 11 (91.67%); C|T: 1 (8.33%) Pan paniscus
AVPRIA 1 chr12:61830636 C/T T86M C/C: 54 (98.18%); C/T: 1 (1.81%) Pan troglodytes
1 chr12:61830476 T/C — T/C: 1 (5.56%); C/C: 17 (94.4%) Pan paniscus
2 chr12:61827557 T/C M372T T/T: 54 (90.00%); T/C: 4 (6.67%); C/C: 2 (3.33%) Pan troglodytes
2 chr12:61827535 AlG — A/A: 16 (80%); A/G: 4 (20%) Pan paniscus
2 chr12:61827469 G/C — G/G: 59 (98.33%); G/C: 1 (1.67%) Pan troglodytes
2 chr12:61827457 G/A — G/G: 12 (92.31%); G/A: 1 (7.69%) Pan paniscus
DRD2 1 chr11:112800515 G/A — G/G: 56 (94.92%); G/A: 2 (3.39%); A/A: 1 (1.70%) Pan troglodytes
1 chr11:112800498 G/A A76V G/G: 20 (60.61%); G/A: 11 (33.33%); A/A: 2 (6.06%) Pan paniscus
1 chr11:112800434 G/A — G/G: 59 (98.33%); G/A: 1 (1.67%) Pan troglodytes
1 chr11:112800335 G/A — G/G: 59 (98.33%); G/A: 1 (1.67%) Pan troglodytes
2 chr11:112794000 G/A — G/G: 58 (96.77%); G/A: 2 (3.33%) Pan troglodytes
3 chr11:112792895 C/T — C/C: 58 (96.77%); C[T: 2 (3.33%) Pan troglodytes
4 chr11:112791371 G/A — G/G: 59 (98.33%); G/A: 1 (1.67%) Pan troglodytes
5 chr11:112790380 T/C H293R T/T: 59 (98.33%); T/C: 1 (1.67%) Pan troglodytes
6 chr11:112788669 G/A — G/G: 59 (98.33%); A/A: 1 (1.67%) Pan troglodytes
7 chr11:112786731 G/A — G/G: 58 (96.77%); GJA: 2 (3.33%) Pan troglodytes
HTR1A 1 chr5:63293240 C/A — C/C: 59 (98.33%); C/A: 1 (1.67%) Pan troglodytes
1 chr5:63293226 C/G G7A C/G: 1 (3.03%); G/G: 32 (96.96%) Pan paniscus
1 chr5:63293087 T/C — T/T: 58 (96.77%); T/C: 2 (3.33%) Pan troglodytes
1 chr5:63292982 AlC — A/C: 1 (3.03%); C/C: 32 (96.96%) Pan paniscus
1 chr5:63292934 C/T — C/C: 59 (98.33%); CT: 1 (1.67%) Pan troglodytes
1 chr5:63292922 G/C — G/G: 12 (92.31%); G/C: 1 (7.69%) Pan paniscus
1 chr5:63292808 C/T — C/C: 15 (75%); C[T: 5 (25%) Pan paniscus
1 chr5:63292613 C/A — C/C: 14 (70%); C/A: 6 (30%) Pan paniscus
1 chr5:63292601 G/A — G/G: 19 (95%); G/A: 1 (5%) Pan paniscus
1 chr5:63292597 A/C T236P A/A: 18 (90%); A/C: 2 (10%) Pan paniscus
1 chr5:63292589 G/T — G/G: 26 (78.78%); G|T: 6 (18.18%); T/T: 1 (3.03%) Pan paniscus
1 chr5:63292585 A/C T240P A/A: 7 (35%), A|C: 13 (65%) Pan paniscus
1 chr5:63292560 C/A P248Q C/A: 4 (6.66%); AJA: 56 (93.33%) Pan troglodytes
1 chr5:63292529 G/A — G/G: 56 (93.33%); G/A: 4 (6.66%) Pan troglodytes

Abbreviation: AA = amino acid change.

@ Coordinates indicate position in hg18 of University of California Santa Cruz genome browser.

3.2. AVPRIA

Between-species The AVPRIA protein sequence showed 97.5%
pairwise identity, indicating high stability across species (SOM
Fig. S4). The human sequence showed two fixed nonsynonymous
changes (R248C and K322M) relative to all other ape species (Fig. 1),
which are located in the third intracellular loop and the third
extracellular loop, respectively (SOM Fig. A5). The bonobo lineage
further showed one fixed amino acid substitution (G29S) at the
extracellular N-terminus, while no chimpanzee-specific fixed
changes are present. SNAP2 function prediction analysis revealed a
likely neutral effect for human K322M (strength —82, reliability
93%) but failed to reliably predict functionality of the other fixed
amino acid changes (Table 1). Evolutionary modelling revealed no
clear signatures of selection in AVPR1A in human or Pan lineages, as
none of the branch or branch-site models were significantly better
than the null model (Table 2).

Within-species Within-species comparison in Pan revealed 6
polymorphic sites: three synonymous SNVs in bonobos, and one
synonymous and two nonsynonymous variants (T86M, M372T) in
chimpanzees (Table 3). For both nonsynonymous variants, the
minor alleles are present at relatively low frequencies in the pop-
ulation (T86M: MAF T = 0.009, M372T: MAF C = 0.067). Two-
dimensional structure prediction showed that chimpanzee T86M
is located in the first intracellular loop and M372T in the C-terminal
region (SOM Fig. A5), but SNAP2 functional analysis failed to

reliably estimate potential differences in functionality for either
amino acid change (Table 1).
Behavioral function For AVPR1A, only one coordinate matched a
documented human SNV, rs10747983, but there was no known link
with behavioral phenotypes.

3.3. DRD2

Between-species The DRD2 amino acid coding sequence showed
99.2% pairwise identity across species (SOM Fig. S6). Humans
showed no fixed amino acid differences with other apes, but both
Pan species showed an identical 141bp insertion right at the start
codon, resulting in an additional 47 amino acids at the N-terminal
region of the receptor (Fig. 2). The lack of amino acid variation in
humans and Pan is reflected in the results of the evolutionary
modelling, where no signatures of selection were found (Table 2).
Within-species Within-species comparison revealed 10 poly-
morphic sites in Pan: one nonsynonymous SNV (A76V) in bonobos,
and eight synonymous SNVs and one nonsynonymous SNV
(H293R) in chimpanzees (Table 3). For bonobo A76V, the MAF is
relatively high in the population (MAF A = 0.227), and genotype
frequencies are consistent with Hardy—Weinberg equilibrium
(X? = 0.09, df = 1, p = 0.769). This variant is present in the extra-
cellular N-terminal region (SOM Fig. S7), and SNAP2 function pre-
diction analysis revealed a likely neutral effect (strength —70,
reliability 82%; Table 1). Chimpanzee H293R is rare in the
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Table 4
Overview of human single-nucleotide variants with references to behavioral consequences and respective alleles in Pan.
Gene Variant ID Type of SNV Allele_anc/  human gmaf # Links to behavior Reference Present in  Pan gmaf
allele_alt freq Cited freq
OXTR r1s6770632 3 prime UTR variant ~ A/C A (0.226) 6 Arisk allele female aggression Malik et al. (2012) Pan A (1.000)
G risk allele male aggression Malik et al. (2012)
rs1042778 3 prime UTR variant ~ A/T T (0.411) 48 TT lower marital quality Mattson et al. (2019) Pan T (1.000)
TT lower maternal acceptance Savelieva et al. (2019)
TT higher anxiety Julian et al. (2019)
T lower prosociality Israel et al. (2009)
rs237885  Intron variant G/T G (0.488) 15 TT higher aggression Zhang et al. (2018b)  Pan G (1.000)
rs237887  Intron variant AlG G (0.400) 34 A allele antisocial behavior Poore and Waldman  Pan A (1.000)
(2020)
A risk allele autism LoParo and Waldman
(2015)
A allele impaired social memory Skuse et al. (2014)
GG higher empathy, prosociality Wu et al. (2012)
rs237888 Intron variant C/T C(0.125) 3 T allele impaired joint attention Wilczynski et al. Pan C (1.000)
(2019)
C allele less prosocial Israel et al. (2009)
rs4686301 Intron variant T/C T (0.264) 9 Crisk allele autism IQ (haplotype) Lerer et al. (2008) Pan T (1.000)
paniscus
rs237889  Intron variant C/T T (0.300) 13 C more utilitarian response Bernhard et al. (2016) Pan C (1.000)
T risk allele autism Kranz et al. (2016)
rs59190448 Intron variant AlG A (0.136) 1 Grisk allele anxiety, stress Myers et al. (2014) Pan A (1.000)
1s53576 Intron variant G/A A (0.389) 184 A allele lower empathy, more stress Rodrigues et al. (2009) Pan G (1.000)
GG lower empathy Laursen et al. (2014)
A allele reduced maternal sensitivity Riem et al. (2011)
G allele greater sociality Li et al. (2015)
AA reduced non-verbal intelligence Lucht et al. (2009)
rs237895 Intron variant C/T T (0.397) 2 Trisk allele maternal insensitivity ~Toepfer et al. (2019)  Pan C (1.000)
1s2268495 Intron variant AlG A (0.241) 2 Grisk allele autism Xiaoxi et al. (2010) Pan A (1.000)
1s2268496 Intron variant AT A (0.251) 1 None Pan A (1.000)
rs237897  Intron variant G/A A (0.402) 15 Abetter theory of mind — haplotype Wade et al. (2015) Pan G (1.000)
troglodytes
A stronger response to betrayal Tabak et al. (2014) Pan A (1.000)
paniscus
A male prosociality Israel et al. (2009)
A risk allele autism-haplotype Lerer et al. (2008)
rs2228485 Synonymous variant  A/G G (0.282) 9 A better at mind-reading Lucht et al. (2013) Pan A (1.000)
troglodytes
A allele less emotional loneliness  Lucht et al. (2009) Pan G (1.000)
paniscus
rs237911 5 prime UTR variant ~ A/G G (0.140) 3 Arisk allele autism Wau et al. (2005) Pan A (1.000)
rs4564970 Intron variant A/C C(0.137) 8 Crisk allele aggression Johansson et al. (2012) Pan C (1.000)
AVPR1A 1510747983 3 prime UTR variant ~ A/G A (0.316) 1 None None Pan A (1.000)
DRD2 152734841 Intron variant C/A A (0.453) 1 None None Pan C (1.000)
rs1124493 Intron variant G/T T (0.478) 4 None None Pan G (1.000)
1s6277 Synonymous variant  A/G A (0.244) 133 G risk allele schizophrenia Sakurai et al. (2012)  Pan A (0.040)
troglodytes
A risk allele inhibition impulse Della Torre et al.
control (2018)
GG increased reward-related Richter et al. (2017)
memory
1s6275 Synonymous variant ~ G/A A (0.473) 49 AA increased risk schizophrenia Nkam et al. (2017) Pan G (1.000)
rs12363125 Intron variant T/C T (0.276) 5 None None Pan T (1.000)
rs2734839 Intron variant AT T (0.342) 2 AA increased risk schizophrenia Voisey et al. (2012) Pan T (1.000)
rs2734837 Intron variant T/C T (0.342) 2 None None Pan T (1.000)
rs2440390 Intron variant C/T T(0.116) 1 None None Pan C (1.000)
1s2245805 Intron variant G/T T (0.421) 1 Grisk allele addiction Zhang et al. (2018a)  Pan G (1.000)
rs2734836 Intron variant T/C T (0.228) 5 None None Pan T (1.000)
rs1076563 Intron variant C/A C (0.293) 7 None None Pan C (1.000)
rs1076562 Intron variant G/A A (0.422) 6 None None Pan G (1.000)
rs1125394 Intron variant C/T C (0.265) 17 T risk allele addiction Al-eitan et al. (2012) Pan C (1.000)
T risk allele depression Hamidovic et al.
(2010)
rs7103679 Intron variant C/T T (0.214) 6 None None Pan C (1.000)
rs4648319 Intron variant AIT A (0.208) 5 Trisk allele addiction Chang-Chih et al. Pan A (1.000)
(2019)
Creative potential Zhang et al. (2014)
rs4245147 Intron variant G/Cor T C (0.455) 3 None None Pan T (1.000)
rs4936270 Intron variant C/T T (0.250) 1 Addiction Loughlin et al. (2014) Pan C (1.000)
rs4936271 Intron variant C/T T (0.435) 1 Addiction Celorrio et al. (2016)  Pan C (1.000)
rs4936272 Intron variant C/T T (0.435) 1 None None Pan C (1.000)

(continued on next page)
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Gene Variant ID Type of SNV Allele_anc/  human gmaf # Links to behavior Reference Present in  Pan gmaf
allele_alt freq Cited freq
rs4274224 Intron variant AlG G (0.449) 14 AA lower openness to experience  Pecina et al. (2013) Pan A (1.000)
GG higher risk depression Nyman et al. (2011)
rs77195172 Intron variant T/C T (0.053) 1 None None Pan T (1.000)
rs4245148 Intron variant C/T T (0.247) 4 Crisk allele addiction Liu et al. (2020) Pan C (1.000)
rs4581480 Intron variant T/C C(0.247) 10 T risk allele addiction Li et al. (2015) Pan T (1.000)
C risk allele reward and emotional Pecina et al. (2013)
processing
rs7131056 Intron variant C/A C (0.499) 19 Arrisk allele depression He et al. (2019) Pan C (1.000)
A risk allele PTSD Duan et al. (2015)
A risk allele social phobia Sipild et al. (2010)
rs11214613 Intron variant G/A A (0.243) 3 Arrisk allele addiction Wei et al. (2012) Pan G (1.000)
paniscus
rs12421616 Intron variant AIT T (0.128) 1 None None Pan A (1.000)
rs1799978 Non-coding transcript C/T C(0.119) 32 Crisk allele addiction Bawor et al. (2015) Pan C (1.000)
variant
HTR1A 15749099 3 prime UTR variant  T/C C(0.352) 1 None None Pan T (1.000)
rs878567 3 prime UTR variant  C/A A (0.352) 24 Arisk allele depression Kanders et al. (2020) Pan G (1.000)
G risk allele schizophrenia Guan et al. (2016)
A risk allele anxiety/depression Mekli et al. (2011)
rs6449693 3 prime UTR variant  A/G G (0.351) 4 None None Pan A (1.000)

Abbreviations: SNV = single-nucleotide variant; Allele_anc = ancestral allele; Allele_alt = alternative allele; gmaf freq = genotype minor allele frequency; UTR = untranslated

region.

population and present in just one individual (MAF C = 0.008).
Two-dimensional structure prediction showed that the variant is
located in the third intracellular loop (SOM Fig. S7), but function
prediction analysis could not reliably estimate its functionality
(Table 1).

Behavioral function A total of 29 documented human SNVs were
found to match differences in the Pan-human reference sequences
for DRD2 (Table 4), but for only 2 out of 29 SNVs, a difference in
genotype or allele presence was found between the two Pan spe-
cies. The remaining 27 SNVs thus showed identical fixed genotypes
in both Pan species while they showed polymorphic variation in
humans. The first SNV, rs6277, is a synonymous A > G substitution
present in humans (MAF A = 0.244) and chimpanzees (MAF

A

Jont
®
@

A = 0.040), but not in bonobos, who are all GG at this position. The
A allele is linked to reduced impulse control (Della Torre et al.,
2018) and reward-related memory (Richter et al., 2017). The sec-
ond SNV, rs11214613, is an intronic G < A substitution (MAF
A = 0.243) in humans. The A allele is linked to increased risk for
addiction (Wei et al., 2012), and while chimpanzees all have the
ancestral AA genotype, bonobos are all GG at this position.

3.4. HTR1A

Between-species The HTRIA amino acid coding sequence showed
96.2% pairwise identity across species (SOM Fig. S8). Humans
showed one fixed amino acid change (F33V) from all other apes,

Figure 2. Two-dimensional structure prediction for DRD2: A) human DRD2 receptor; B) Pan DRD2 receptor with 47 amino acid insertion at N-terminal region.
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present in the extracellular N-terminal region (SOM Fig. S9) and
predicted to have a neutral effect (strength —60, reliability 97%;
Table 1). Compared with other apes, chimpanzees and bonobos
showed two Pan-specific changes (T26S and P248Q). While P248Q
is fixed in bonobos, it is polymorphic in chimpanzees. T26S is also
present in the N-terminal region (SOM Fig. S9) and is predicted to
have a neutral effect (strength —94, reliability 97%; Table 1). P248Q
is present in the third intracellular loop (SOM Fig. S9) but has an
unreliable functionality estimate (Table 1). Finally, two bonobo-
specific changes were present (E267D and H296Y), both in the
third intracellular loop (SOM Fig. A9). SNAP2 function prediction
analysis revealed a likely neutral effect for E267D (strength —76,
reliability 87%) but failed to predict functionality of H296Y
(Table 1). Evolutionary modelling revealed an elevated dy/ds ratio
in the ancestral Pan lineage (p = 0.013) but omega equaled 999,
indicating this is likely due to a lack of synonymous sites in the
sequence. These results should therefore be treated with caution
(Table 2).

Within-species Within-species comparison revealed 14 poly-
morphic sites in Pan: six synonymous and three nonsynonymous
(G7A, T236P, T240P) SNVs in bonobos, and eight synonymous and
one nonsynonymous SNVs (P248Q) in chimpanzees (Table 3). MAFs
were low for three out of four SNVs found in Pan (G7A: MAF
G = 0.015; T236: MAF G = 0.05; P248Q: MAF G = 0.033) but was
considerably higher for bonobo T240P (MAF G = 0.175). Despite this
relatively high frequency of the minor allele, no homozygotes for
the minor allele were present in the population. Two-dimensional
structure prediction shows that G7A is located in the extracellular
N-terminus, while the other three SNVs are all located in the third
intracellular loop (SOM Fig. S9). SNAP2 analysis could not reliably
estimate functionality effect scores for any of the amino acid
changes (Table 1).

Behavioral function For HTR1A, no sequence differences in Pan
were found to match known human-specific SNVs with linked
behavioral phenotypes.

4. Discussion

The main aim of this study was to investigate the evolutionary
history of four genes important for the regulation of sociocognitive
skills (OXTR, AVPR1A, DRD2, HTR1A) in the human and Pan lineages.
Results showed that the protein coding sequences of all four genes
are highly conserved across apes, in line with their close phyloge-
netic relationships (Besenbacher et al., 2019). We found a limited
number of amino acid differences between species, which indicates
that the sequences are likely under strong selection to maintain the
anatomical and chemical properties of the receptor to ensure
proper neuropeptide and neurotransmitter signaling. For variants
outside of the coding region, we find considerable variation in all
three species for all four genes. The most promising explanatory
variants were present in OXTR and DRD2. We found interesting
evidence of homologous evolution in humans and bonobos (OXTR
rs4686301(T) and OXTR rs237897(A)) to the exclusion of chim-
panzees. By contrast, humans and chimpanzees shared OXTR
1s2228485(A), DRD2 rs6277(A), and DRD2 rs11214613(A), whereas
bonobos maintained the ancestral state in all three cases.

4.1. Protein-coding region

While no fixed human-specific amino acid differences were
found in DRD2 compared with other hominoids, six fixed amino
acid changes were present in the remaining three genes in humans:
three in OXTR (V14A, F51L, K355R), two in AVPR1A (R248C, K322M)
and one in HTR1A (F33V). The protein sequences of the Pan lineage
differed from humans and other apes in three additional sites, one
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in OXTR (K353R) and two in HTR1A (T22S and P248Q). Compared
with chimpanzees, bonobos showed 57% more fixed differences,
counting four additional fixed amino acid changes, three in HTR1A
(E267D, P248Q and H296Y) and one in AVPR1a (G29S). For OXTR
and DRD2, chimpanzees and bonobos showed no fixed differences
with each other.

SNAP2 function prediction analysis showed that the amino acid
changes likely do not significantly alter the chemical properties and
2D structure of the proteins. Nevertheless, the substitutions are
found in functional domains of the receptors that are of great
importance for the signaling function of the receptors
(Kristiaensen, 2004). One of the bonobo-specific amino acid sub-
stitutions in AVPR1A (G29S) falls within the extracellular N-ter-
minus, which is the major vasopressin ligand recognition and
binding region of this receptor (Kristiaensen, 2004). Mutations in
this region thus have the potential to cause differences in receptor
binding sensitivity and have been identified in various New World
monkey species ( Babb et al., 2010; Ren et al.,, 2014) and non-
primate species like voles (genus Microtus; Fink et al., 2007).
Similarly, bonobos and chimpanzees share a 47 amino acid inser-
tion at the N-terminal region of DRD2 that is not present in other
apes. This Pan-specific insertion is very likely to cause differences in
dopamine binding affinity, but functionality would need to be
tested using experimental assays.

HTR1A substitutions E267D, P248Q, and H296Y are all present in
the third intracellular loop of the receptor. The receptors included
in this study are all G-protein-coupled receptors that typically have
seven transmembrane alpha helices, which create three extracel-
lular and three intracellular loops (Kristiaensen, 2004). The third
intracellular loop is where each receptor couples to heterotrimeric
G-proteins and intracellular second messengers like calmodulin to
function in signal transduction (Turner et al., 2004; Masson et al.,
2012). Mutations in this region thus have the potential to alter
serotonergic functioning through a variety of potential intracellular
signaling pathways. As we cannot directly infer behavioral conse-
quences of these species-specific fixed mutations, functional assays
would be needed to test their impact on ligand binding and signal
transduction.

Overall, the level of genetic nonsynonymous variation was
similar for all four genes across different ape species, with the
exception of HTR1A. The high number of amino acid changes in
HTR1A in ancestral Pan (n = 2) and bonobos specifically (n = 4) is
surprising, given the low number of protein sequence changes in
the other species (humans, n = 1; orangutans, n = 2; gibbons, n = 2;
see SOM Fig. S8) and in the other genes. This result indicates that
the serotonergic system was likely the target of selective pressures
in Pan, which is also reflected in a high dy/ds score found in the
ancestral Pan branch compared with the other branches, indicating
positive selection. As mentioned, no synonymous substitutions
were present in the sequence, so this result should be treated with
caution. Nonetheless, the relatively high level of protein divergence
between bonobos and chimpanzees very likely coincided with
changes in serotonergic signaling and associated behavioral regu-
lation. Previous studies have suggested that selective pressures for
reduced aggression in bonobos might have been a major factor in
driving the behavioral divergence in Pan (Hare et al., 2012; Hare,
2017). The genes coding for the serotonergic system are great
candidate targets for selection to act on due to their significant role
in the regulation of aggression (Hare et al., 2012; Staes et al., 2019).
In support of this, one of the fixed mutations, P248Q, is not
exclusively present in bonobos, but also found in chimpanzees,
where it is polymorphic in nature. This polymorphism had already
been documented and is linked to a reduction in anxiety and male
impulsive aggression in chimpanzees (Staes et al., 2019). Similar to
the previous study, the novel A-allele linked to this reduction in
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impulsive aggression was found at a much higher frequency in the
chimpanzees sampled in this study, and it appears to have become
fixed in bonobos. While the previous study included only 6 bono-
bos (Staes et al., 2019), our current study on a larger sample of 33
assumed unrelated bonobos confirms this result. The fixation of the
allele linked to lower aggression and anxiety in bonobos, combined
with the high number of bonobo-specific fixed amino acid changes
in HTR1A are indicators that there has been selection for these
behaviors in the ancestral Pan population.

Compared with bonobos, chimpanzees show 31% more poly-
morphic variation across all four genes, with 15 synonymous and 7
nonsynonymous SNVs present in chimpanzees versus 12 synony-
mous and three nonsynonymous SNVs in bonobos. It is important
to note that 11 out of 23 SNVs in chimpanzees had very low MAFs
(<5%), and were present in just one individual each in the sampled
population. Although sequencing errors in the VCF data cannot be
ruled out completely, the higher number of SNVs is in line with
previous studies documenting greater haplotype diversity in
chimpanzees, due to their larger estimated effective ancestral
population size compared with bonobos (Prado-Martinez et al.,
2014; de Manuel et al., 2016).

Some studies have reported higher behavioral similarity be-
tween western chimpanzees and bonobos, especially in patterns
and levels of intersexual social bonding and proximity keeping
(Boesch and Boesch-Acherman, 2000; Gomes and Boesch, 2009;
Lehmann and Boesch, 2009). We therefore included a chimpanzee
subspecies division of genetic variation in the appendix (SOM
Table S2). Central chimpanzees showed a surprisingly low level of
diversity in our candidate genes, with only three SNVs present,
identical to the number found in western chimpanzees. Out of all
four subspecies, central chimpanzees are expected to show the
greatest haplotype and Y chromosome diversity and western
chimpanzees the lowest (Prado-Martinez et al., 2014; de Manuel
et al., 2016), but our sample size of the central chimpanzees was
lower than for the other subspecies in some of the data sets, which
could partly explain the lack of variance. It thus appears that the
sequences of central and western chimpanzees show the least
deviation from the bonobo sequences for these genes, but due to
small sample sizes these results should not be overinterpreted.
Recent studies have also documented ancient admixture between
bonobos and chimpanzees, with an unexpected level of relatively
recent gene flow, primarily seen between nonwestern chimpanzees
(P. t. troglodytes, P. t. elliotii, P. t. schweinfurthii) and bonobos (de
Manuel et al., 2016; Kuhlwilm et al., 2019). Based on this admix-
ture, we would expect to see higher sequence similarity between
bonobos and nonwestern chimpanzees but aside from low SNV
variability in central chimpanzees, this was not the case for our four
candidate genes. All the fixed substitutions and SNVs that we found
were species-specific, meaning that there were no clear patterns of
bonobo-specific variants matching variants of nonwestern chim-
panzees more than the variants found in western chimpanzees,
which would be expected in line with ancestral introgression the-
ories (de Manuel et al., 2016; Kuhlwilm et al., 2019).

4.2. Behavioral function

Where either one or both Pan gene sequences differed from the
human reference sequences, we investigated if polymorphic vari-
ation is present in humans at those same coordinates that have
documented links with phenotypes to assess the potential behav-
ioral impact of these sequence differences in Pan. For all four genes,
we found that a majority of SNVs were human-specific, meaning
that both Pan species had the same ancestral genotype. Many of
these SNVs were outside of the coding region and linked to clinical
phenotypes (schizophrenia, autism, substance addiction, and
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depression, see Table 4 for overview). Some variants like OXTR
rs237887, 1s237888, 1553576, rs237895, rs4564970, and DRD2
rs4581480, were also linked to more relevant sociocognitive traits
like empathy (Rodrigues et al., 2009; Wu et al., 2012), prosociality
(Wilczynski et al.,, 2019), aggression (Johansson et al., 2012),
maternal behavior (Riem et al., 2011; Toepfer et al., 2019), general
sociality (Li et al., 2015; Poore and Waldman, 2020), and emotional
processing (Pecina et al., 2013). It is possible that some of the var-
iants might contribute to observed differences between humans
and Pan in these respective traits. Other SNVs, like rs53576, have
been included in ~200 scientific studies, with sometimes conflict-
ing results. The interpretation of this SNV for its implication in an
evolutionary context is therefore more difficult. The human-
specific A-allele that is not found in Pan, has for example been
associated with both higher (Laursen et al., 2014) and lower
empathic capacity (Rodrigues et al., 2009). It is therefore difficult to
conclude what the impact was of this variant on known human-Pan
sociocognitive differences.

A small amount of SNVs showed allelic differences between the
two Pan species, which is fascinating with regard to their behav-
ioral dichotomy (MacLean, 2016). Especially for OXTR, the specific
human behavioral associations of rs4686301(T) and rs237897(A),
which are homologous in humans and bonobos but absent in
chimpanzees, might be in line with known species differences in
sociocognitive skills. It is important to note that the alleles related
to better theory of mind, male prosociality and a stronger aversion
for betrayal (Israel et al., 2009; Tabak et al., 2014; Wade et al., 2015)
appear to have become fixed in bonobos, but are completely lacking
in chimpanzees. Similarly, for OXTR rs2228485, the A allele linked
to better reading of male facial expression in humans, became fixed
in chimpanzees but no A allele is present in bonobos. While func-
tionality of these alleles would need to be further investigated in
Pan with functional assays, a potential explanation is that the
ancestor of Pan was polymorphic at these positions, similar to
humans, and that after the split of the two Pan species, different
alleles were favored in each species. Cognitive tests indicate that
bonobos are better at theory of mind and social causality
(Herrmann et al., 2010) and make more eye contact than chim-
panzees (Kano et al., 2015), but more tests are needed to quantify
precise species differences in theory of mind (Krupenye and Call,
2019).

What is fascinating, is that the sex differences for prosociality
and reading of facial expressions, are consistent with the species
socioecology. Bonobo-specific OXTR rs237897(A) is primarily linked
to increased male prosociality, while chimpanzee-specific OXTR
rs2228485(A) is linked to better reading of male faces only. In
bonobos, it has been theorized that males have evolved to be more
prosocial through sexual selection (Hare et al., 2012; Hare, 2017).
They will invest more in affiliative relationships with females than
do chimpanzees, and behaviors like sexual coercion that occur
frequently in chimpanzees, are rare in bonobos and typically met by
female coalitionary defense (Tokuyama and Furuichi, 2016). OXTR
rs237897(A) is thus a potential candidate that might have been the
target of this selection process. As for OXTR rs2228485(A), the bias
towards male faces might be in line with a selection for stronger
male—male bonding in this species, thus favoring variants/skills
that will facilitate these bonds. Male bonds are often highly affili-
ative and cooperative compared with male—female bonds, as
shown for example in border patrols, hunting and mate guarding
(Watts and Mitani, 2002; Muller and Mitani, 2005; Langergraber
et al., 2009). Male bonobos on the other hand do not form co-
alitions with other males but rather rely on their mothers to
maintain their position in the dominance hierarchy and have access
to females for mating (Surbeck et al., 2011; Stevens et al., 2015).
Selection for alleles favoring traits in one sex with no apparent
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negative effects for the opposite sex will ultimately lead to fixation
of these alleles for the whole species.

Finally, in DRD2, two variants were identified with potential for
sociocognitive difference between the two Pan species. For the first
SNV, 156277, the A allele that is linked to reduced impulse control
(Della Torre et al., 2018) and reward-related memory (Richter et al.,
2017) was only present in chimpanzees (MAF A = 0.040) and
humans (MAF A = 0.244) but lacking in bonobos. As mentioned
before, chimpanzees have been documented to show more
impulsive behavior compared with bonobos, especially in the
context of aggression (Wrangham, 2018), but also through
increased risk-taking in feeding strategies (Rosati and Hare, 2012),
and these effects might thus be mediated through differences in
DRD?2 expression and/or affinity. Further systematic investigation
within chimpanzees is needed to examine the effects of rs6277
allelic variants on receptor distribution, affinity, and behavior. In
similar line, for rs11214613, the chimpanzee specific A allele pre-
sent in all chimpanzees in our study is linked to an increased risk
for impulsivity-related psychiatric disorders like substance addic-
tion in humans (Wei et al., 2012).

5. Conclusions

Despite the high protein sequence stability in our candidate
genes across ape species, a number of nonsynonymous variants
were found that are polymorphic in nature within bonobos and
chimpanzees, with genotype frequencies exceeding 5% in all genes
but OXTR (Table 3). In chimpanzee DRD2, we also identified a
polymorphic synonymous variant (rs6277) with promising links to
behavioral phenotypes in humans. These SNVs offer valuable
starting points for future behavior—genotype analyses to further
explore the evolutionary past of the behavioral divergence in Pan
and can be noninvasively genotyped at low cost. While much
research has already been done on behavioral effects of AVPR1A
promoter region variation in chimpanzees (for review, see, in press
Hopkins and Latzman), studies could now also include M372T, the
nonsynonymous SNV present at the C-terminal region of the
chimpanzee AVPR1A receptor. Given the importance of the C-ter-
minal region in signal transduction, mutations in this region could
influence the functioning of the receptor (Ren et al., 2014). For
dopamine, research in primates has mainly focused on receptor
subtype D4 (Livak et al., 1995; Shimada et al., 2004; Garamszegi
et al., 2014) and DRD2 genotype—phenotype matching studies are
lacking in Pan. The SNV causing the A76V substitution is present in
the N-terminal dopamine-binding domain of the bonobo DRD2
receptor and offers potential for future study. Finally, while the
literature on serotonin is currently skewed towards the serotonin
transporter gene (reviewed in Staes et al., 2019), our study high-
lights potentially important bonobo-specific polymorphic variation
in the gene coding for its receptor (HTR1A). Based on the results
found for chimpanzees (Staes et al., 2019), we predict that the
polymorphic variants present in the third intracellular loop of the
receptor (T236P and T240P) offer great potential to explain within-
species behavioral variation in aggression and anxiety in bonobos.
Finally, for OXTR and DRD2, we also found interesting sequence
differences that might contribute to known sociocognitive differ-
ences in humans, bonobos, and chimpanzees (rs4686301, rs237897,
1s2228485, rs11214613). Given that all these variants became fixed
in each species, further experimental assays testing their in vitro
effects will be needed to confirm true functionality of the alleles
that became fixed in Pan. To conclude, our results offer the first in-
depth comparison of neurochemical receptor gene variation in Pan
and put forward new variants for future behavior-genotype asso-
ciation studies in apes, which can increase our understanding of the
evolution of social cognition in modern humans. The nature and
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strength of the genotype-phenotype associations in these closely
related species should confirm to what extent the proximate
neurochemical mechanisms regulating sociocognitive skills are
uniquely human or shared with our close primate cousins.
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